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(57) ABSTRACT

A universal alternating current (AC) inverter system with
galvanic 1solation takes an unregulated direct current (DC)
input and provides a high-quality AC output that may be used
in conjunction with both linear and non-linear loads. The
umversal AC mverter system includes a DC-DC converter for
converting an unregulated DC input to a regulated DC output,
and a DC-AC 1nverter for converting the regulated DC output
to a high-quality AC output. The DC-DC converter includes a
DC link 1solation high frequency transformer that provides
galvanic 1solation between the unregulated DC 1nput and the
AC output. To avoid saturation of the transformer, the con-
troller for the DC-DC converter employs a DC offset correc-
tion loop that prevents accumulation of DC content on the
primary side of the transformer. The universal AC mverter
system includes a 4-phase inverter topology that converts the
regulated DC voltage provided by the DC-DC converter to an
AC output. An inverter controller employs a number of feed-
back loops that are used to control switches within the
4-phase inverter topology to provide a high-quality AC output
voltage for both linear and non-linear loads, including a fast
voltage control loop, a slow voltage control loop, a AC output
capacitor current control loop, and a DC content control loop.

19 Claims, 5 Drawing Sheets
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UNIVERSAL AC HIGH POWER INVETER
WITH GALVANIC ISOLATION FOR LINEAR
AND NON-LINEAR LOADS

BACKGROUND

The present mvention relates to mverters for generating
alternating current (AC) power, and 1n particular, to a univer-
sal AC 1verter capable of providing high-quality AC power
for both linear and non-linear loads.

Generators are commonly used to convert mechanical
energy to electrical energy. In particular, generators are often-
times coupled to machines such as diesel engines or similar
types of engines. The mechanical energy provided by the
diesel engine 1s provided to the generator, which converts the
mechanical energy to an alternating current (AC) output. One
of the drawbacks associated with a typical AC generator,
particularly for high-power applications, 1s the prohibitive
s1ize and weight of components necessary to generate the
high-power output. In addition, a typical AC generator 1s
designed to generate an output voltage at a defined magnitude
and frequency. To generate an AC output of a different mag-
nitude or frequency, an entirely separate AC generator would
be required, adding significantly to the overall size and
welght of components necessary to generate the desired AC

outputs.

SUMMARY

In one aspect, the present invention provides a universal AC
generator capable of providing AC outputs of varying mag-
nitudes and frequency. The universal AC generator includes a
DC-DC converter that converts an unregulated DC input to a
regulated DC output. The DC-DC converter includes a trans-
former that provides galvanic isolation between the unregu-
lated DC mnput and the AC output, and includes a DC offset
correction loop that provides feedback that prevents the accu-
mulation of DC content on the primary side of the trans-
tormer. The regulated DC output s provided to auniversal AC
inverter that converts the regulated DC output to an AC output
voltage of a desired magnitude and frequency. An nverter
controller generates control signals provided to the universal
AC mverter based on monitored AC output voltage of the
inverter and a reference voltage defining the desired magni-
tude and frequency. The inverter controller employs a plural-
ity of control loops to generate the control signals used to
provide regulation of the AC output voltage.

In another aspect of the present invention, a DC-DC con-
troller provides control signals to a DC-DC converter to con-
vert an unregulated DC 1nput to a regulated DC output while
mimmizing DC content within a transformer. The DC to DC
controller includes a generator for generating a modulating
ramp signal and a voltage compensation loop that monitors a
DC output voltage generated by the DC to DC converter and
generates an output voltage control signal based on a com-
parison of the DC output voltage to a DC reference voltage.
The DC to DC controller further includes a volt-second cor-
rection loop that monitors AC current on a primary side of the
transformer, detects DC content within the AC current, and
generates a DC content compensation signal based on the
detected DC content. A combiner combines the output volt-
age control signal with the DC content compensation signal
to generate a combined signal. A first half-cycle peak current
controller generates control signals provided to a first power
transistor within the DC to DC converter based on a compari-
son of the modulating ramp signal to the combined signal. A
second half-cycle peak current controller generates control
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2

signals provided to a second power transistor within the DC to
DC converter based on a comparison of the modulating ramp
signal to the output voltage control signal.

In another aspect of the present invention, a universal AC
iverter 1s employed to provide an AC output voltage of a
desired magnitude and frequency for linear and non linear
loads with very low total harmonics distortion (THD). The
universal AC inverter includes a network of switches, at least
one mnductor, and at least one capacitor. An inverter controller
1s connected to provide pulse width modulation (PWM) con-
trol signals to the network of switches to convert the regulated
DC mput voltage to a desired AC output voltage. The inverter
controller generates the PWM control signals based on a
plurality of feedback control loops that use a monitored AC
output voltage and an AC reference voltage as input. The
teedback control loops include a fast voltage control loop
having a high-frequency response for providing a first com-
pensated signal to regulate differences between the AC output
voltage and the AC reference voltage, a slow voltage control
loop having a low-1requency response for providing a second
compensated signal to regulate diflerences between a root
mean square (RMS) value of the AC output voltage and an
RMS value of the AC reference voltage, an AC output capaci-
tor current control loop that derives an AC output capacitor
current through the at least one capacitor based on the AC
output voltage and derives an AC reference current based on
the AC reference voltage and provides a third compensation
signal to regulate differences between the AC output capaci-
tor current and the AC reference current, and a DC content
control loop that provides a fourth compensation signal to
regulate detected DC content within the AC output voltage.
The first, second, third, and fourth compensation signals are
summed together and provided to a PWM generator that
generates the PWM control signals based on the summed
output of the feedback control loops.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of a universal alternating current
(AC) mverter system with galvanic 1solation for generating a
regulated AC output having a desired magnitude and 1fre-
quency.

FIG. 2 1s a circuit diagram of a direct current (DC) to DC
converter with a volt-second correction feedback loop for
preventing transformer saturation.

FIG. 3 1s a circuit diagram of a four-phase inverter topology
used to convert regulated DC 1nput to an AC output.

FIG. 4 15 a block diagram of control operations performed
by inverter controller to maintain a high-quality AC output
signal.

DETAILED DESCRIPTION

A universal alternating current (AC) mverter system with
galvanic 1solation takes an unregulated direct current (DC)
input and provides a high-quality AC output that may be used
in conjunction with both linear and non-linear loads. In addi-
tion, the topology described with respect to the universal AC
iverter system provides a low-cost, lightweight solution to
providing high-quality AC power at different magnitudes and
frequencies with a single system. In particular, the imnverter
system 1s capable of providing high power density conversion
to convert a wide range of DC input voltages to a galvanically
1solated AC output that can be provided to both linear and
non-linear loads.

The universal AC verter system employs DC link high
frequency i1solation (within a DC-DC converter) to replace
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typical AC output low frequency transformer i1solation,
thereby minimizing the size and weight of the system. The
DC-DC converter employed to provide DC link 1solation
includes a volt-second offset control loop that prevents satu-
ration of the transformer without requiring the use of addi-
tional DC blocking capacitors or a gapped core transformer,
thereby increasing output power capability. The universal AC
iverter system includes a 4-phase inverter topology that con-
verts the regulated DC voltage provided by the DC-DC con-
verter to an AC output. An inverter controller employs a
number of feedback loops that are used to control switches
within the 4-phase inverter topology to provide a high-quality
AC output voltage for both linear and non-linear loads.

FIG. 1 1llustrates components within universal AC inverter
system 10, including DC-DC converter 12 and universal AC
inverter 14. DC-DC converter 12 converts unregulated (or
wide-ranging) DC mput to a regulated DC output, and pro-
vides galvanic i1solation between the unregulated mput and
the regulated DC output. Galvanic 1solation between the input
and output of universal AC 1nverter system 10 prevents sys-
tem grounding problems that may otherwise result. Providing,
galvanic 1solation within DC-DC converter 12, as opposed to
employing an AC transformer within universal AC inverter
14, reduces the size and weight of unmiversal AC inverter
system 10.

Universal AC mverter 14 converts the regulated DC output
provided by DC-to-DC converter 12 to a high-quality AC
output (labeled Va, Vb, and Vc). A benefit of universal AC
inverter 14 1s the ability to generate high-quality AC outputs
at a plurality of magnitudes and frequencies. In one embodi-
ment, universal AC iverter system 10 1s capable of generat-

ing an AC output that can be selectively controlled between
120/208 VAC to 277/480 VAC with a line frequency program-

mable from 350 Hertz (Hz), 60 Hz, to 400 Hz. The desired
magnitude and frequency of the AC outputs is controlled by
selectively varying the voltage reference values Va_ref,
Vb _retf, and Vc_ref. As shown in more detail in FIGS. 3 and
4, universal AC mverter 14 includes a controller that employs
a plurality of control loops that allow universal AC inverter 14
to provide high-quality AC power to both linear and non-
linear loads. A benefit of this configuration 1s the ability of a
single system to meet the needs of a vanety of loads and
applications.

FI1G. 2 1llustrates one embodiment of DC-DC converter 12.
Components included within DC-DC converter 12 1nclude
capacitor C1, power transistors Q1U, Q2U, Q1L, Q2L, trans-
former T1, diodes D1 and D2, inductor L1, capacitor C2,
voltage detector 15, peak current mode controller 16, volt-
second correction loop 18, and voltage control loop 20.

Power transistors Q1U, Q2U, Q1L, Q2L are connected in
an H-bridge configuration and are controlled (1.e., selectively
turned ‘on’ and ‘off”) to convert the unregulated DC 1nput to
an AC output. In other embodiments, other well-known con-
verter topologies may be employed to convert the DC voltage
to an AC voltage. In one embodiment, power transistors Q1U,
Q2U, Q1L, and Q2L are implemented with insulated gate
bipolar transistors (IGBTs), which are commonly employed
in high-power applications. The AC output 1s provided to a
primary winding of transformer T1, and a resulting AC volt-
age 1s generated on the secondary winding of transformer11.
Depending on the winding configuration of transformer 11,
the AC output provided to the primary winding may be
increased or decreased as desired. Employing transformer T1
in DC-DC converter provides galvanic 1solation between the
unregulated mput and the regulated output. Diodes D1, D2,
inductor L1, and capacitor C2 form a full-wave rectifier that
converts the AC voltage to a DC voltage. In other embodi-
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4

ments, other well-known rectifier topologies may be
employed to convert the AC voltage to a DC voltage.

To provide regulation of the DC output voltage generated
by DC-DC converter 12, the DC output voltage 1s sampled
and provided to feedback loop 20. In the embodiment shown
in FI1G. 2, a current mode control topology 1s used to regulate
the DC output voltage. As shown in FIG. 2, the current at
location CT1 1s monitored and the slope of the monitored
current (moderated by a slope compensation operation) 1s
employed to create a modulating ramp signal that 1s provided
to peak current mode regulation 16. Meanwhile, the DC out-
put voltage 1s sampled by voltage detector 15 and compared
to a reference value that represents the desired DC output
voltage. The difference between the two signals 1s provided to
voltage loop compensator 38. In one embodiment, voltage
loop compensator 38 1s a proportional-integral (PI) controller
that generates a compensation signal 1n response to the dif-
ference between the reference voltage and the monitored
output voltage, wherein the compensation signal seeks to
minimize the difference between the two values (1.¢., drive the
error between the reference value and the momtored output
voltage to zero).

The output of voltage loop compensator 38 and the modu-
lating ramp signal are provided to peak current mode regula-
tor 16, which mcludes negative half cycle peak current con-
trol 24 and positive half cycle peak current control 26. In this
embodiment, positive half cycle peak current control 26 com-
pares the modulating ramp signal to the compensation signal
or feedback signal generated by voltage loop compensator 38.
The width of the PWM signals generated positive half cycle
peak current control 26 1s based on the result of this compari-
son. The resulting PWM control signals 1s provided to power
transistors Q1U and Q2L. Likewise, negative half cycle peak
current control generates PWM control signals for power
transistors (Q2U and Q1L, although based on a slightly dii-
ferent mput. In this way, peak current mode regulator 16
generates PWM signals that effectively regulate the DC out-
put voltage to a desired value. In other embodiments, the
current mode regulation shown in FIG. 2 may be replaced
with equivalent control topologies, including voltage mode
control (1n which the modulating ramp signal derived from
the monitored current at location CT1 1s replaced with a
dedicated saw-tooth signal).

In addition, DC-DC converter 12 includes volt-second
(volt-sec) correction feedback loop 18 that monitors and cor-
rects for DC content on the primary winding of transformer
T1. The presence of DC content (1.e., magnetizing current) on
the primary side of transformer T1 1s created as a result of
high peak currents and asymmetric switching of the power
transistors. If unchecked, the DC content can build with suc-
cessive switching cycles and cause eventual saturation of
transformer 11 thatresults in degradation and eventual failure
of transformer T1. The volt-sec correction loop regulates the
DC content on transformer T1 by controlling the average
voltage on the primary side of transformer T1.

In the embodiment shown 1n FIG. 2, volt-second correction
teedback loop 18 includes low pass filter (LPF) 28, compara-
tor 30, and volt-second correction compensation block 32.
The AC current provided to the primary side of transformer
T1 1s monitored (as shown by current sensor CT2) and pro-
vided to LPF 28, which removes the high-frequency compo-
nents of the AC current, leaving only the low-1requency or DC
components of the AC current.

The DC content 1s compared with a desired zero current
reference and the resulting difference i1s provided to volt-
second correction compensation block 32. In one embodi-
ment, volt-second correction compensation block 32 1s a
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compensation network that calculates the average amount of
voltage needed at the primary side of transformer T1 1n order
to compensate for detected DC content. Calculations made by
volt-second correction compensation block 32 are based on
the magnetizing inductance and resistance of the transformer
primary.

As shown 1n FIG. 2, the output of volt-sec correction block
32 1s summed with the output of voltage loop compensation
20 by combination block 33 and provided to negative hali-
cycle peak current control 24. In response, negative half cycle
peak current control 24 compares the summed or combined
output of volt-sec correction block 32 and voltage loop com-
pensation 20 with the modulating ramp signal to generate the
PWM control signals that are provided to power transistors
Q2U and Q1L. By selectively moditying the voltage feedback
provided by voltage loop compensation 20 based on the result
of volt-sec correction feedback loop 18, the width of the
pulses are selectively modified to decrease or reduce DC
content within transformer T1. For example, 1n response to
positive DC current content detected on the primary of trans-
tormer T1, volt-sec correction block 32 generates a compen-
sation signal that increases the width of pulses generated by
negative half cycle peak current control 24, thereby decreas-
ing the average voltage across the primary side of transformer
T1. In this embodiment, positive hali-cycle peak current con-
trol 26 generates PWM pulses to provide to power transistors
Q1U and Q2L based on the output of voltage loop compen-
sator 38 and the modulating ramp signal.

Due to the time constant associated with the primary of
transformer 11, the compensated signal generated by volt-sec
correction block 32 1s of a relatively low-frequency as com-
pared with the switching frequency. Therefore, mn one
embodiment, volt-sec correction block 32 employs propor-
tional-integral control to generate the compensation signal. In
other embodiments, the output of volt-sec correction loop 18
could be provided to positive half-cycle peak current control
26, or both positive and negative peak current controllers 24
and 26. The effect of providing a DC content correction signal
1s power transistors are controlled to remove or minimize the
detected DC content from the primary side of transformer T1.

Minimizing DC content within transformer T1 with a con-
trol loop, as opposed to prior art methods that employed a DC
blocking capacitor or a gapped core transformer, minimizes
the size and weight of DC-DC converter 12 and increases
output power capability. In this way, DC-DC converter 12
provides regulated voltage to universal AC inverter 14. In
addition, the high-frequency switching (i.e., PWM signals
applied to power transistor Q1U, Q1L, Q2U, and Q2L) and
presence of transformer T1 provides high-frequency DC link
1solation that results 1n galvanic 1solation and a wide mput to
output voltage conversion ratio. The DC link 1solation topol-
ogy shown 1 FIG. 2 obviates the need for a typical AC
1solation transformer provided at the AC output (1.€., inverter
side). A benefit of the DC link 1solation topology 1s only a
single-phase transformer 1s required (as opposed to a three-
phase transformer required on the AC side) and higher
switching frequencies (e.g., 20 kHz as opposed to 60 Hz)
allow transformer T1 to be significantly smaller and lighter
than an AC 1solation transformer.

FIG. 3 illustrates the basic topology of universal AC
inverter 14, which includes capacitor C3, power transistors
QAU, QBU, QCU, QNU, QAL, QBL, QCL, and QNL, induc-
tors La, Lb, Lc, and Ln, capacitors Ca, Cb, and Cc, and
tour-phase inverter controller 40. Universal AC inverter 14
receives regulated DC mput voltage from DC-DC converter
12, and power transistors QAU, QAL, QBU, QBL, QCU,
QCL, QNU, and QNL are controlled by respective PWM
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control signals provided by four-phase 1nverter controller 40
to generate a high-quality AC output voltage Va, Vb, and V¢
(Vn 1s a neutral output voltage). Four-phase inverter control-
ler 40 recerves feedback voltage corresponding to the gener-
ated AC output voltages Va, Vb, and V¢, and reference volt-
ages Va_rel, Vb_ret, Vc_ref representing the desired AC
output voltages. Based on these inputs, four-phase mverter
controller 40 generates the PWM control signals that control
the operation of the power transistors QAU-QNL.

In this embodiment, a four-phase inverter topology 1s
employed to provide a neutral phase. This topology creates an
interleave of phase and neutral PWM pulses that results 1n a
higher switching frequency across the inductors La, Lb, Lc,
and Ln and thereby reduces the size of the inductors required
to provide suilicient filtering. In addition, the absence of the
AC output transtformer (replaced by the presence of trans-
former T1 1 DC-DC converter 12) allows universal AC
inverter 14 to handle higher unbalanced loads than would be
possible with the standard AC output transformer. In addition,
as shown in FIG. 3, phase to neutral output voltages (as
measured across capacitors Ca, Cb, and Cc) are monitored
and provided to four-phase inverter controller 40 to facilitate
inverter control.

In particular, four-phase mverter controller 40 employs a
number of control loops based on the phase to neutral output
voltages Van, Vbn, and Vcn (taken across capacitors Ca, Cb,
and Cc, respectively) and the phase reference Va_relf, Vb_ret,
and Vc_rel values to generate the PWM control signals pro-
vided to the power transistors. As discussed in more detail
with respect to FIG. 4 below, 1n one embodiment four-phase
inverter controller 40 employs four feedback loops to regulate
the AC output voltage. The feedback loops act to provide
high-quality AC output voltage despite the connection of
linear and non-linear loads to the AC output voltage, and
despite variations in the desired magnitude and frequency of
the AC output voltage.

FIG. 4 illustrates 1n more particularity the feedback loops
42a,42b, and 42¢ employed by four-phase inverter controller
40 to generate the required PWM control signals to maintain
a high-quality AC output voltage despite the connection of
linear and non-linear loads. Four-phase inverter controller 40
provides mdependent feedback loop control for each of the
three phases of power (1.e., output voltage Va 1s controlled by
teedback loop 42a, output voltage Vb 1s controlled by feed-
back loop 425, etc.). Each of the feedback loops employed by
the three phases of power are 1dentical to one another, there-
fore only the feedback loop 424 associated with a single phase
of power 1s 1llustrated 1n FIG. 4. In addition, control loop 44
1s employed to generate a neutral AC output voltage VN by
controlling PWM control signals QNU and QNL to a 50%
duty cycle.

As discussed above, feedback control loop 42a (as well as
teedback control loops 4256 and 42¢) makes use of four feed-
back loops to effectively control the AC output voltage VA to
a desired output. Feedback control loop 42a includes gain
block 50, filter block 52, low-frequency differentiator 54,
comparator 36, compensation network 58, root mean square
(RMS) calculators 60 and 62, comparator 64, integrator 66,
multiplier 67, summer 68, low-frequency differentiators 70
and 72, comparator 74, compensation network 76, gain block
78, comparator 80, integrator 82, summer 84, voltage limiter
86, DC bias voltage 88, and operational amplifiers 90 and 92.

The monitored phase to neutral output voltage Van is pro-
vided as input to feedback control loop 42a, along with ref-
erence voltage Va_rel. The monitored phase to neutral output
voltage Van 1s provided to gain block 50. In this embodiment,
phase to neutral output voltage 1s providing a high-voltage




US 7,660,135 B2

7

output (e.g., approximately +/—400 volts). Gain block 50
applies a gain value to the phase to neutral output voltage to
reduce the output voltage from +/—400V or 277 Vrms, 1n this
example, to approximately 30 /-5 volts. Filter block 52
removes high-frequency components (including high-fre-
quency remnants ol the switching frequency associated with
power transistors QAU-QNL and harmonics of the output
frequency) from the monitored phase to neutral output volt-
age Van. For instance, the desired operating frequency of
voltage to neutral output voltage Van may be 400 Hz, but the
switching frequency applied to transistors QAU and QAL
may be 10 KHz or more. Filter block 52 acts to remove the 10
KHz frequency and harmonics. The resulting signal gener-

ated by filter block 52 1s provided as an 1nput to each of the
tour feedback loops employed by feedback control loop 42a.

The first feedback control loop 1s a fast voltage control loop
that provides a high-frequency response to control the phase
to neutral output voltage Van to a value very close to the
desired value represented by reference voltage Va_ref. In this
embodiment, the fast voltage feedback loop includes differ-
entiator 54, comparator 56, and compensation network 58.
Differentiator 54 (in this case, a low-Irequency differentiator)
introduces a time derivative to the phase to neutral feedback
voltage Van that increases the regulation loop response at high
frequencies. The result of differentiator 34 1s compared to the
reference voltage Va_rel by comparator 56. The signal differ-
ence between the phase to neutral voltage Van and the refer-
ence voltage Va_ref 1s provided to compensation network 58,
which generates an output (compensated signal) that seeks to
control the phase to neutral output voltage to exactly track the
reference voltage Va_ref (1.e., seeks to drive the difference
between the phase to neutral output voltage and the reference
voltage to zero). In this embodiment, compensation network
58 1s implemented with a pole-zero network, wherein the
location of the poles and zeroes define the frequency response
of the compensation network. In other embodiments, other
well-known control schemes (such as proportional-integral-
derivative (PID)) control schemes may be employed. How-
ever, the pole-zero network 1s capable of providing high-
frequency response that seeks to quickly mitigate differences
between the reference voltage Va_ref and the phase to neutral
voltage Van.

The second feedback control loop 1s a slow voltage feed-
back that provides a slow frequency response that works in
conjunction with the fast voltage control loop to control the
phase to neutral output voltage Van to a value represented by
the reference voltage Va_ref. In this embodiment, the slow
teedback loop includes root mean square (RMS) converters
60 and 62, comparator 64, and integrator 66. RMS converters
60 and 62 convert the AC reference voltage Va_ref and phase
to neutral voltage feedback Van to resulting RMS quantities
(1.e., DC or low-frequency quantities). The resulting RMS
values are compared with one another by comparator 64 and
the resulting difference signal i1s provided to compensation
network 66. Once again, compensation network 66 generates
an output that seeks to minimize the difference between the
RMS value of the phase to neutral output voltage Van and the
RMS value of the reference voltage Va_ref. In this embodi-
ment, compensation network 66 1s implemented with an inte-
grator that provides a compensation signal that seeks to mini-
mize the difference between the RMS values of the phase to
neutral feedback wvoltage Van and the reference voltage
Va_rel. Because of the DC-like or low-Irequency nature of
changes 1n the RMS value of the phase to neutral output
voltage Van, an integrator control 1s suflicient to provide
accurate tracking of the reference value. Although, 1n other
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embodiments any number of suitable control algorithms may
be employed to provide feedback control.

In this way, the fast voltage control loop includes a high-
frequency response that regulates the phase-to-neutral output
voltage to approximate the desired value, while the slow
voltage loop provides high gain at low frequencies to regulate
the low-1requency or RMS content of the output voltage. The
combination of the fast and slow control loops (combined or
added together by summer 84) provides a compensation sig-
nal that controls the phase to neutral output voltage to closely
approximate the reference voltage Va_ref. In addition, this
configuration provides accurate tracking of the reference
voltage (1.e., a high-quality AC signal) despite load variation.

The third feedback control loop 1s an AC output capacitor
current regulation loop that increases the dynamic response
of the system and reduces LC output resonance generated at
the output of universal AC 1nverter 14 to mimimize total har-
monic distortion (THD). In this embodiment, the AC output
capacitor current regulation loop includes low-frequency dii-
terentiators 70 and 72, comparator 74, and compensation
network 76. Differentiator 72 derives the current through
output capacitor Ca by applying a time derivative to the phase
to neutral output voltage Van. Likewise, the same time deriva-
tive function 1s applied by differentiator 70 to the reference
voltage Va_ref to provide a reference current. The derived
current through capacitor Ca 1s compared to the derived ret-
erence current at by comparator 74, and the resulting differ-
ence 1s provided to compensation network 76. Once again,
compensation network 76 acts to minimize the difference
between the two signals. In this embodiment, compensation
network 76 1s a pole-zero network that provides a high-fre-
quency response to differences between the dertved capacitor
current and the derived reference current. The output of the
compensation network 76 1s combined or added with the
output of the fast/slow voltage regulation loops at summer 84.

The fourth and final feedback control loop 1s an AC output
DC content correction loop. The DC content correction acts
to reduce or eliminate DC content located on the AC output
signal Va. This 1s particularly important in applications 1n
which the AC output 1s provided to a load that includes a
transformer. The presence of DC content on the AC output
may result 1n saturation and eventual failure of the load trans-
former. In this embodiment, AC output DC content correction
loop includes voltage gain/filter 78, comparator 80, and com-
pensation network 82. Voltage gain/filter 78 1solates DC con-
tent on the phase to neutral feedback voltage Van and ampli-
fies the resulting DC content to provide low-frequency
voltage feedback. The resulting signal 1s compared to a ref-
erence value (e.g., zero) by comparator 80 and the resulting
difference signal 1s supplied to compensation network 82. In
this embodiment, compensation network 82 1s an integrator
that drives the DC content detected within the phase to neutral
output voltage to zero. Once again, because of the low-1re-
quency nature of the DC content, a simple integrator provides
suificient response to mimimizing DC content on the AC
output voltage. The resulting output of compensation net-
work 82 1s provided to summer 84, where 1t 1s combined with
the results of the other three control loops.

The value representing the sum of the four feedback con-
trol loops 1s used to regulate the PWM signals that are pro-
vided to power transistors QAU and QAL. In this embodi-
ment, components used to generate the PWM signals include
voltage limiter 86, operational amplifier 92 and 90, DC offset
92, and a tnnangle wave input Trig. The summed output of the
four feedback control loops 1s provided to voltage limiter 86,
which 1n response generates an output voltage that 1s limited
to the operational range of operational amplifiers 88 and 90
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(e.g., —10to 10 volts). Based on the output signal provided by
voltage limiter 86 and the triangle wave mput ‘trig’, opera-
tional amplifiers 88 and 90 generate PWM signals that are
provided to power transistors QAU and QAL. In addition, DC
offset 92 1s employed to provide dead-time lockout. The
addition of DC offset 92 (e.g., 0.25 V 1n this example) to the
input of the value provided to operational amplifier 88
ensures that power transistors QAU and QAL are not both
conducting at the same time.

The remaining feedback loops 426 and 42c¢ operate as
described with respect to feedback loop 42a. Feedback loop
42b recerves phase to neutral feedback voltage Vbn and ret-
erence voltage Vb_ref as inputs, and generates PWM pulses
that are provided to power transistors QBU and QBL. Like-
wise, feedback loop 42c¢ recerves phase to neutral feedback
voltage Vcn and reference voltage Ve_ref as inputs, and gen-
crates PWM pulses that are provided to power transistors

QCU and QCL.

Selectively and independently controlling the operation of
transistors QAU, QAL, QBU, QBL, QCU, and QCL results in
generation of an AC output voltage of desired magnitude and
frequency (as defined by reference voltages Va_rel, Vb_ref,
and Vc_rel) and an AC output voltage that i1s capable of
providing high-quality AC power for both linear and non-
linear loads. In addition, because galvanic 1solation between
the unregulated DC 1nput and the AC output 1s provided by
DC-DC converter 12, there 1s no need for an AC transformer
on the output of universal AC inverter 14. The result 1s a small,
lightweight AC generator system having the capability to
provide a variety of AC outputs (1.e., of varying magnitudes
and frequencies) to both linear and non-linear loads.

Although the present invention has been described with
reference to preferred embodiments, workers skilled 1n the art
will recognize that changes may be made 1n form and detail
without departing from the spirit and scope of the mvention.
Particularly, controllers (both for the DC-DC converter and
universal AC mverter) have been described with respect to
functional components performed by the controllers. The
controllers may be reduced to practice in the form of a micro-
processor or digital signal processor that includes software
for implementing the functional components. Likewise,
aspects of the controller may additionally include discrete
devices. The regulated DC output can be connected in series/
parallel for higher voltage/power operation.

The mvention claimed 1s:
1. A alternating current (AC) generator system comprising:

a direct-current (DC) to DC converter that includes a first
switch, a second switch, a transformer, and a full wave
rectifier to convert a DC mput voltage to a DC output
voltage;

a DC to DC controller that provides a first pulse width
modulation (PWM) signal to the first switch and a sec-
ond PWM signal to the second switch in response to a
monitored output voltage to regulate the DC output volt-
age to a desired magnitude, wherein the DC to DC
controller includes a DC offset control loop that moni-
tors current on a primary side of the transformer, 1solates
DC content within the monitored current, and generates
a DC content compensation signal in response to the
1solated DC content that 1s combined with the monitored
output voltage to modity the first PWM signal provided
to the first switch such that DC content 1s minimized
within the transformer;

an inverter that includes a network of switches, at least one
output inductor, and at least one output capacitor for
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converting the DC output voltage provided by DC to DC
converter to an AC output voltage of desired magnitude
and frequency; and
an inverter controller that provides control signals to the
network of switches based on monitored AC output volt-
age of the inverter and a reference voltage defining the
desired magnitude and frequency, wherein the inverter
controller employs a plurality of control loops to gener-
ate the control signals provided to the network of
switches to provide regulation of the AC output voltage.
2. The system of claim 1, wherein the DC to DC converter
provides galvanic 1solation between the DC mput voltage and
the AC output voltage.
3. The system of claim 1, wherein the DC offset control
loop 1ncludes:
a low pass filter that 1solates DC content within the current
monitored on the primary side of the transformer; and
a volt-second correction network that generates the DC
content compensation signal in response to detected DC
content provided by the low-pass filter.
4. The system of claim 3, wherein the DC to DC controller
includes:
a voltage feedback loop that provides a feedback signal
based on a comparison of the DC output voltage to a DC
reference voltage;

a modulating ramp signal generator that generates a ramp
signal;

a first combiner that adds the voltage feedback signal gen-
erated by the voltage feedback loop to the DC content
compensation signal to generate a combined signal;

a first haltf-cycle peak current controller that compares the
combined signal to the ramp signal to generate the first

PWM signal; and

a second half-cycle peak current controller that compares
the feedback signal to the modulating ramp signal to
generate the second PWM signal.

5. The system of claim 4, wherein the modulating ramp

signal generator includes:

a second combiner for adding a slope compensation signal
to a monitored feedback current representing current
provided to the first switch and the second switch to
generate the modulating ramp signal that 1s provided to
the first half-cycle peak current controller and the sec-
ond half-cycle peak current controller.

6. The system of claim 1, wherein the inverter controller

includes:

a fast voltage control loop that provides a first compensated
signal to regulate differences between the AC output
voltage and the AC reference voltage;

a slow voltage control loop that provides a second com-
pensated signal to regulate differences between a root
mean square (RMS) value of the AC output voltage and
an RMS value of the AC reference voltage;

an AC output capacitor current control loop that derives an
AC output capacitor current through the at least one
capacitor based on the AC output voltage and derives an
AC reference current based on the AC reference voltage
and provides a third compensation signal to regulate
differences between the AC output capacitor current and
the AC reference current;

a DC content control loop that provides a fourth compen-
sation signal to regulate detected DC content within the
AC output voltage; and

a PWM generator that provides PWM control signals to the
second network of switches based on the combination of
the first, second, third, and fourth compensation signals.
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7. The system of claim 6, wherein the fast voltage control

loop 1ncludes:

a differentiator for applying a time dertvative to the AC
output voltage;

a comparator for comparing the result of the differentiator
to the AC reference voltage to generate a first difference
signal; and

a pole-zero compensation network that generates the first
compensation signal in response to the difference signal.

8. The system of claim 6, wherein the slow voltage control

loop includes:

a first root mean square calculator for calculating the root
mean square of the AC output voltage;

a second root mean square calculator for calculating the
root mean square of the AC reference voltage;

a comparator for comparing the RMS of the AC output
voltage to the RMS of the AC reference voltage to gen-
erate a second difference signal; and

an integrator compensation network that generates the sec-
ond compensation signal in response to the signal rep-
resenting the difference between the RMS of the AC

output voltage and the RMS ofthe AC reference voltage.

9. The system of claim 6, wherein the AC output capacitor
current control loop includes:

a first differentiator that derives the AC output capacitor
current through the at least one capacitor by applying a
time-based derivative to the AC output voltage;

a second differentiator that derives the AC reference cur-
rent by applying a time-based dernivative to the AC ret-
erence voltage;

a comparator for comparing the derived AC output capaci-
tor current to the derived AC reference current to gener-
ate a difference signal; and

a pole-zero compensation network that generates the third
compensation signal in response to the difference
between the derived AC output capacitor current and the
derived AC reference current.

10. The system of claim 6, wherein the DC content control
loop includes:

a low-pass filter that 1solates DC content in the AC output
voltage;

a comparator for comparing the 1solated DC content to a
desired value to generate a difference signal; and

a 1integrator compensation network that generates the
fourth compensation signal 1n response to the difference
between the 1solated DC content and the desired value.

11. A direct-current (DC) to DC controller connectable to
a DC to DC converter that includes a first power transistor, a
second power transistor and a transformer, the DC to DC
controller comprising:

a modulating ramp signal generator that generates a modu-
lating ramp signal;

a voltage compensation loop that monitors a DC output
voltage generated by the DC to DC converter and gen-
erates an output voltage control signal based on a com-
parison of the DC output voltage to a DC reference
voltage;

a volt-second correction loop that monitors alternating cur-
rent (AC) current on a primary side of the transformer,
detects DC content within the AC current, and generates
a DC content compensation signal based on the detected
DC content;

a combiner that combines the output voltage control signal
and the DC content compensation signal to generate a
combined signal;
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a first half-cycle peak current controller that generates
control signals provided to the first power transistor
based on a comparison of the modulating ramp signal to
the combined signal; and

a second half-cycle peak current controller that generates
controls signals provided to the second power transistor
based on a comparison of the modulating ramp signal to
the output voltage control signal.

12. The DC-DC controller of claim 11, wherein the volt-

second connection loop includes:

a low pass filter that 1solates the DC content within the AC
current monitored on the primary side of the trans-
former; and

a volt-second correction network that generates the DC
content compensation signal in response to the 1solated
DC content provided by the low-pass filter.

13. The DC-DC converter of claim 12, wherein the volt-
second correction network includes a proportional-integral-
derivative (PD) controller that generates the DC content com-
pensation signal in response to the 1solated DC content.

14. An alternating current (AC) controller that provides
control signals to an 1nverter topology to regulate an AC
output voltage to a desired magnitude and frequency repre-
sented by an AC reference signal, the AC controller compris-
ng:

a fast voltage control loop that provides a first compensated
signal to regulate differences between the AC output
voltage and the AC reference voltage;

a slow voltage control loop that provides a second com-
pensated signal to regulate differences between a root
mean square (RMS) value of the AC output voltage and
an RMS value of the AC reference voltage;

an AC output capacitor current control loop that derives an
AC output capacitor current through the at least one
capacitor based on the AC output voltage and derives an
AC reference current based on the AC reference voltage
and provides a third compensation signal to regulate
differences between the AC output capacitor current and
the AC retference current; and

a DC content control loop that provides a fourth compen-
sation signal to regulate detected DC content within the
AC output voltage; and

a combiner that combines the first, second, third, and fourth
compensation signals to generate a single compensation
signal used by the inverter controller to generate the

control signals provided to the inverter topology to regu-
late the AC output voltage to the desired magnitude and

phase.

15. The system of claim 14, wherein the fast voltage control

loop includes:

a differentiator for applying a time denvative to the AC
output voltage;

a comparator for comparing the result of the differentiator
to the AC reference voltage to generate a first difference
signal; and

a pole-zero compensation network that generates the first
compensation signal in response to the difference signal.

16. The system of claam 14, wherein the slow voltage

control loop 1ncludes:

a first root mean square calculator for calculating the root
mean square of the AC output voltage;

a second root mean square calculator for calculating the
root mean square ol the AC reference voltage;

a comparator for comparing the RMS of the AC output
voltage to the RMS of the AC reference voltage to gen-
erate a second difference signal; and
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an integrator compensation network that generates the sec-
ond compensation signal in response to the signal rep-
resenting the difference between the RMS of the AC
output voltage and the RMS ofthe AC reference voltage.

17. The system of claim 14, wherein the AC output capaci-

tor current control loop 1ncludes:

a first differentiator that derives the AC output capacitor
current through the at least one capacitor by applying a
time-based derivative to the AC output voltage;

a second differentiator that derives the AC reference cur-
rent by applying a time-based derivative to the AC ret-
erence voltage;

a comparator for comparing the derived AC output capaci-
tor current to the derived AC reference current to gener-
ate a difference signal; and

a pole-zero compensation network that generates the third
compensation signal 1n response to the difference

5
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between the derived AC output capacitor current and the
derived AC reference current.
18. The system of claim 14, wherein the DC content control
loop 1ncludes:
a low-pass filter that 1solates DC content in the AC output
voltage;
a comparator for comparing the 1solated DC content to a
desired value to generate a difference signal; and
a 1ntegrator compensation network that generates the
fourth compensation signal 1n response to the difference
between the 1solated DC content and the desired value.
19. The system of claim 14, wherein the magnitude and
frequency of the AC output voltage 1s selectively controlled
by modifying the AC reference voltage provided to the

15 1nverter controller.
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